The objective of this study was to evaluate the ability of the Aspergillus flavus pAF28 DNA probe to produce DNA fingerprints for distinguishing among genotypes of Petromyces alliaceus (Aspergillus section Flavi), a fungus considered responsible for the ochratoxin A contamination that is occasionally observed in California fig orchards. P. alliaceus (14 isolates), Petromyces albertensis (one isolate), and seven species of Aspergillus section Circumdati (14 isolates) were analyzed by DNA fingerprinting using a repetitive sequence DNA probe pAF28 derived from A. flavus. The presence of hybridization bands with the DNA probe and with the P. alliaceus or P. albertensis genomic DNA indicates a close relationship between A. flavus and P. alliaceus. Twelve distinct DNA fingerprint groups or genotypes were identified among the 15 isolates of Petromyces. Conspecificity of P. alliaceus and P. albertensis is suggested based on DNA fingerprints. Species belonging to Aspergillus section Circumdati hybridized only slightly at the 7.0-kb region with the repetitive DNA probe, unlike the highly polymorphic hybridization patterns obtained from P. alliaceus and A. flavus, suggesting very little homology of the probe to Aspergillus section Circumdati genomic DNA. The pAF28 DNA probe offers a tool for typing and monitoring specific P. alliaceus clonal populations and for estimating the genotypic diversity of P. alliaceus in orchards, vineyards, or crop fields. 
Introduction
Petromyces alliaceus Malloch and Cain (anamorph: Aspergillus alliaceus Thom and Church) is characterized by colonies forming upright, ovate to ellipsoidal, gray-black sclerenchymatous stromata, which after developing slowly for several months, may contain one to several thin-walled, nonostiolate ascocarps containing asci with ascospores (Raper and Fennell 1965; Malloch and Cain 1972) . Aspergillus alliaceus has been classified in the Aspergillus wentii group (Thom and Raper 1945; Kozakiewicz 1989) , the Aspergillus ochraceus group (Raper an Fennell 1965) , and Aspergillus section Circumdati (Gams et al. 1985) . Peterson (1995) was the first to show that P. alliaceus NRRL 4181 belongs in Aspergillus section Flavi because the large subunit (lsu) ribosomal DNA sequence, also reported as the D1-D2 region of 26S rRNA gene, is similar to that of Aspergillus flavus Link NRRL 1957 . A more comprehensive classification of Aspergillus sp. based on phylogenetic analysis of lsu rDNA sequences showed that P. alliaceus NRRL 315, NRRL 4181, NRRL 5108; Petromyces albertensis NRRL 20602; and Aspergillus lanosus Kamal & Bhargava NRRL 3648 have identical sequences and are grouped as synonymous species in the phylogram of Aspergillus section Flavi (Peterson 2000) . Phylogenetic analysis of DNA sequence data from internal transcribed spacer (ITS) regions using a neighbor-joining tree grouped P. alliaceus, P. albertensis, and A. lanosus as distinct species within the P. alliaceus clade (Rigo et al. 2002) , after a majority-rule consensus tree showed P. alliaceus and P. albertensis to be conspecific (Varga et al. 2000) .
There is compelling evidence that A. alliaceus may be responsible for the ochratoxin A contamination occasionally observed in California figs (Doster et al. 1996; Bayman et al. 2002) . Ochratoxin A is an important nephrotoxic and nephrocarcinogenic mycotoxin that is produced by a relatively small number of species in Aspergillus and Penicillium, including A. alliaceus (Abarca et al. 1994; Ciegler 1972; Frisvad 1994; Heenan et al. 1998; Hesseltine et al. 1972; Larsen et al. 2001; Varga et al. 1996; Wicklow et al. 1996) . The occurrence of ochratoxin A in wine and raisins due to the growth of fungi, such as Aspergillus niger V. Tiegh., on grapes (Majerus et al. 2000) has invited greater attention to the potential for ochratoxin A contamination of dried fruits (Gareis 2004) .
The pAF28 repetitive sequence DNA probe has proven reliable in classifying A. flavus strains according to their previously determined vegetative compatibility group (VCG) (McAlpin and Mannarelli 1995; McAlpin et al. 2002) . The probe has also been used to estimate the genotypic diversity of (i) Aspergillus section Flavi isolates, including A. flavus and Aspergillus parasiticus Speare populations isolated from a corn field in central Illinois McAlpin et al. 1998) and Aspergillus caelatus Horn from peanut field soil in Atlanta, Georgia (McAlpin et al. 2004 ), (ii) isolates of Aspergillus bombycis Peterson et al. from silkworm cultivation (Goto et al. 2003) , and (iii) the yellow-green koji molds Aspergillus oryzae (Ahlburg) Cohn and Aspergillus sojae Sakaguchi & Yamada used in traditional Oriental food fermentations . The probe has also been used to type clinical isolates of A. flavus from human sources (James et al. 2000) . The goal of this study was to evaluate the ability of A. flavus pAF28 DNA probe to produce DNA fingerprints for distinguishing among genotypes of P. alliaceus. At the same time, DNA fingerprinting was also performed on 14 isolates representing seven ochratoxinproducing species of Aspergillus section Circumdati to determine whether the pAF28 DNA probe exhibits any homology with the genomic DNA of these species.
Materials and methods

Fungal strains
The 29 cultures of Aspergillus spp. used in this study were obtained from the Agricultural Research Service Culture Collection (National Center for Agricultural Utilization Research, Peoria, Illinois) and are listed in 
Cultural conditions and DNA extraction
Mycelia of P. alliaceus were grown on 200 mL of yeast extract -peptone -dextrose broth (YEPD) in 500 mL Erlenmeyer flasks using conidial and (or) hyphal suspension (approx. 10 5 CFU/mL) from 5-to 7-day-old cultures, then incubated at 32°C for 24 h on a rotary shaker at 200 r/min. Mycelial mats were collected after filtering through sterile Whatman No. 1 filter paper, rinsing twice with sterile distilled water, transferring to a 50 mL Sarstedt tube, freezing at -80°C, and lyophilizing for at least 24 h. Total DNA was isolated and purified based on the method of Raeder and Broda (1985) with modifications as reported by McAlpin and Mannarelli (1995) .
DNA fingerprinting
Genomic DNA was digested with PstI, a restriction endonuclease from Providencia stuartii (Roche Molecular Biochemicals, Indianapolis, Indiana), following the manufacturer's recommendations. Southern blots were performed by transferring DNA from electrophoresis gels to nylon membranes using a vacuum blotter (Model 785, BioRad Laboratories, Hercules, California). DNA fingerprints were identified using the DIG Nonradioactive Nucleic Acid Labeling, Hybridization, and Detection System (Roche Molecular Biochemicals). X-ray films (Biomax MR, Eastman Kodak Imaging Systems, Rochester, New York) were exposed at room temperature for 1-3 h.
DNA fingerprint analyses
The absence or presence of fragments at specific positions based on the molecular weights of the DNA hybridization bands were observed. Banding profiles of the different strains were compared and similarity was calculated using the Dice coefficient, following the NTSYS Numerical Taxonomy and Multivariate Analysis (Rohlf 1997) . The similarity matrix was obtained and cluster analysis was made with the SAHN program. The SAHN program identifies which strains have identical fingerprints but does not necessarily imply phylogenetic relationships. A phenogram was generated using the unweighted-pair-group arithmetic average (UPGMA). McAlpin and Mannarelli (1995) constructed the repetitive sequence DNA probe pAF28 from A. flavus NRRL 6541 that could hybridize to a homologous region of the A. flavus genome. The DNA probe was successfully used by McAlpin et al. (2002) in identifying A. flavus isolates as belonging to the VCGs previously determined by Horn and Greene (1995) and Papa (1986) . In the present study, the pAF28 DNA probe successfully differentiated isolates of P. alliaceus and P. albertensis (syn. P. alliaceus), resulting in 12 different genotypes or fingerprint groups: Genotype 1 represented by NRRL 315, 316, and 21109 (lanes 2-4); Genotype 2 in-cludes NRRL 31815 and 31816 (lanes 7-8), and the remaining isolates (lanes 5-6 and 9-17) each had unique fingerprints (Fig. 1) . The majority of the P. alliaceus isolates produced numerous bands (20-38), indicating a highly repetitive type of hybridization pattern. Fingerprint matches were expected for NRRL 315 and NRRL 21109, since the latter was derived from a subculture of NRRL 315. NRRL 21109 (lane 4) lacked the two bands at 2.3 and 2.0 kb; however, in other DNA preparations where the X-ray films were exposed longer, weakly hybridizing bands were detected for these specified molecular weights (data not shown). Isolates representing genotype 2 are from the same peanut field in Georgia and may belong to the same clonal population. The phenogram, derived from the UPGMA analysis, revealed that the similarity coefficients of the Petromyces sp. isolates corresponded with the DNA fingerprint patterns of clustered strains belonging to the same genotype (Fig. 2) .
Results and discussion
Species classified in Aspergillus section Circumdati showed only faint hybridization with the A. flavus DNA probe at approximately 7.0 kb. Examples of such fingerprints are shown in lanes 19-26 (Fig. 1) DNA sequences of the ITS regions and 5.8S rRNA (Peterson 2000; Varga et al. 2000; Rigo et al. 2002) . McAlpin and Mannarelli (1995) reported that the pAF28 DNA probe hybridized with all isolates of A. flavus tested as well as closely related taxa in Aspergillus section Flavi (e.g., A. parasiticus, A. sojae, A. oryzae, Aspergillus nomius Kurtzman et al.) but did not hybridize with the DNA of Aspergillus auricomus (Gueguen) Saito NRRL 391, Aspergillus ochraceus K. Wilhelm NRRL 402, or A. alliaceus NRRL 315 . In recent years, we have determined that our earlier preparations of genomic DNA were not as pure as more recent preparations, and this may have limited our ability to distinguish hybridization bands in A. alliaceus NRRL 315. Our protocol for preparing genomic DNA was modified by rinsing the DNA three times with 70% ethanol instead of rinsing it only once as originally performed by McAlpin and Mannarelli (1995) . The extra rinses have made digestion by restriction enzymes more efficient and this has resulted in a better resolution of all hybridization bands.
Petromyces albertensis Tewari NRRL 20602 (ATCC 58745; UAMH 2976) was isolated by J.W. Carmichael from a human ear swab in Edmonton, Alberta, 1968, and was identified by D.I. Fennell as Aspergillus alliaceus Thom & Church. Aspergillus alliaceus can cause chronic otorrhea or drainage from the ear (Koenig et al. 1985) . Ochratoxin A production by P. albertensis ATCC 58745 was first reported by Varga et al. (1996) . Tewari (1985) described this fungus as a new species of Petromyces that is characterized by the presence of irregularly shaped stromata exhibiting indeterminate growth through one to several growing points on Pablum cereal agar. At the same time, the fungus also produced some ovate to ellipsoidal stromata, resembling the "determinate" sclerotioid ascomata of P. alliaceus, on Czapek's agar, and the associated Aspergillus sp. anamorph was indistinguishable from A. alliaceus (Tewari 1983 (Tewari , 1985 . Raper and Fennell (1965) observed that strains of Aspergillus fumigatus isolated from human and animal tissues commonly develop uncharacteristic restricted and convoluted colonies on Czapek's agar and may show differences in morphology, including branched conidiophores, proliferating heads, elongate and often septate phialides, and conidia that are extremely variable in size, shape, and spore wall ornamentation. We sug- gest that P. albertensis represents a strain of A. alliaceus that acquired defective regulatory controls for stromata formation during ear infection.
This research provides evidence that DNA fingerprinting using the repetitive DNA probe pAF28 can match DNA fingerprints in P. alliaceus section Flavi, and therefore offers a tool for typing and monitoring specific P. alliaceus clonal populations and for estimating the genotype diversity of P. alliaceus in orchards, vineyards, or crop fields. Fig. 2 . Phenogram of the DNA fingerprints of Petromyces alliaceus (14 isolates) and Petromyces albertensis NRRL 20602 using the Dice similarity coefficient. The similarity coefficients of the clustered strains correspond with the DNA fingerprints of the isolates belonging to the same genotype. The phenogram was generated using the NTSYS-pc. ver. 2.01.
